The haemocytes of the Indian edible oyster Crassostrea madrasensis were characterized using light and electron microscopy. The light microscopic study was conducted by staining a monolayer of the haemocytes with Geimsa. Cells without granules and with a large nucleus occupying much of the cytoplasmic area were grouped as hyalinocytes. Those with lesser amounts of basophilic cytoplasmic granules were characterized as semigranulocytes and those with large amounts of a mixture of acidophilic and basophilic granules were termed as granulocytes. Ultrastructural studies also revealed the presence of three types of haemocytes. Scanning electron microscopic studies were used to study the spreading behaviour of the haemocytes. Cytochemical studies revealed the presence of acidphosphatase, peroxidase and prophenol oxidase in the cells.
Introduction
During the past three decades, considerable interest in how the molluscs defend themselves against pathogens has evolved. Among invertebrates, the molluscan and insect defence systems are being studied extensively in order to understand the basics of the invertebrate immune system. The haemolymph of invertebrates contains plasma and haemocytes. The haemocytes play important roles in defence reactions such as internalization of non-self materials, intracellular digestion, wound healing and toxi¢cation/detoxi¢cation processes of di¡erent xenobiotics. They are also involved in secretion of exoskeleton, transport of calcium and protein regeneration (Cheng1981). The study of these cells will give an insight into the operation of disease resistance in these animals. Given a lack of identi¢cation of molluscan haematopoietic tissues (Cheng1983), the classi¢cation and characterization of the haemocytes is still unclear. No uniform nomenclature for di¡erent types of observed haemocytes exists. As, the Indian edible oyster, Crassostrea madrasensis, is an important cultured species in India, the study of its innate immunity is essential for prophylaxis against infectious diseases. The present study attempts to characterize haemocytes of C. madrasensis. The study is based on light microscopical, cytochemical and ultrastructural features with an e¡ort to characterize the structure and function of the di¡erent types of haemocytes.
Material and methods

Haemolymph collection
Edible oysters, C. madrasensis (mean size 6.4 AE 1.2 cm Â 4.3 AE 0.8 cm) collected from the Vembanad Lake at Ernakulam, Kerala, were used for the study. Haemolymph was collected from adductor muscle sinuses (Chen 1996) . A notch was ¢led on the dorsal aspect of the left shell valve adjacent to the adductor muscle. About 0.5^2 mL of haemolymph was collected from the adductor muscle of each animal using a 27-gauge needle attached to a 5 mL sterile syringe, transferred to sterile microfuge vials and immediately stored at 4 1C.
Light microscopic studies
The haemocyte monolayers were prepared and stained as per the method of Bayne, Moore, Carefoot and Thompson (1979) using 10% Geimsa stain (Merck, Mumbai, India) . Brie£y, the cells were concentrated by centrifugation at 600 g for 10 min at 4 1C. The supernatant was discarded and the concentrated suspension of haemocytes was poured onto a clean, grease-free glass slide. The cells were allowed to form a monolayer on the slide by incubating in a moist chamber for 45 min at 25 1C and was ¢xed using10% methanol for15 min, air-dried and stained in Geimsa (diluted 10 times with double-distilled water and ¢ltered before use) for 20 min and di¡eren-tiated in acetone. The slides were then observed and photographed using a compound microscope (Leica DMLS, Munich, Germany) under oil immersion objective.
Cytochemical studies
In cytochemical studies, the presence of enzymes such as acid phosphatase, prophenol oxidase and peroxidase was examined in the haemocytes using the following procedures.
Acid phosphatase
Following the methods described by Sanders (1974) , air-dried haemocyte monolayer was ¢xed in formalin^acetone (20% formalin in 50% acetone) for 1min at 0 1C and rinsed in running tap water. The ¢xed smears were incubated at 37 1C for1h in freshly prepared and ¢ltered acid phosphatase substrate solution containing Fast Blue BBN (Sigma, St. Louis, MO, USA). The control slides were incubated in stock substrate solution without Fast Blue BBN. The slides were rinsed in tap water, air-dried, counterstained with 0.1% neutral red solution (Sisco Research Laboratories, Mumbai, India) for 3 min and again airdried. The stained slides were then dipped in xylene and mounted with DPX.
Prophenol oxidase
Air dried haemocyte monolayer was ¢xed in 2.5% glutaraldehyde (Merck) in 0.1M phosphate bu¡er (pH 7.4) for 1h at 4 1C and washed three times (for 15 min each) with 0.1M phosphate bu¡er (pH 7.4). The slides were then incubated in 0.1% L-DOPA (dihydroxyphenylalanine; Sisco Research Laboratories) prepared in 0.1M phosphate bu¡er with 2% sodium chloride, for 90 min at 30 1C and counterstained with dilute Giemsa. Control slides were incubated in 0.1M phosphate bu¡er with sodium chloride, but without L-dopa (Smith & S˛derhÌll 1983) .
Peroxidase
Air-dried haemocyte monolayer on the slide was ¢xed in 10% alcoholic formalin for 60 s and rinsed in distilled water for 15^20 s. Slides were then incubated in myeloperoxidase incubation mixture for 30 s, washed brie£y in running tap water, dried and counterstained with Giemsa. Control slides were incubated in 0.1M phosphate bu¡er (Sanders 1974) .
Electron microscopic studies
Transmission electron microscopy
Ultrastructural studies were conducted following the methods of Rasmussen, Hage and Karlog (1985) and Hinsch and Hunte (1990) with modi¢cation. The haemolymph was withdrawn from the adductor muscle into three times volume of 3% glutaraldehyde in 0.1M sodium cacodylate bu¡er (Merck, Darmstadt, Germany) containing 12% glucose (pH 7.8; Sisco Research Laboratories). The haemocyte-¢xative solution was mixed well and kept at 4 1C overnight. The haemocytes were then washed three times in cacodylate bu¡er and pelletized by centrifugation at 2600 g for 10 min at 4 1C. The pellet was post-¢xed in 1% osmium tetroxide (Sigma) for 1h, again washed in cacodylate bu¡er three times and centrifuged. The supernatant was discarded and 2% agarose (Sisco Research Laboratories) in cacodylate bu¡er (pH 7.8) at 60 1C was added to the pellet by keeping the microfuge tube in a water bath at 50 1C. The pellet was mixed thoroughly with agarose to disperse the cells uniformly in agarose. It was then allowed to solidify. The solidi¢ed agarose cube was cut into1mm 3 pieces and dehydrated in ascending series of acetone. The dehydrated samples were in¢ltrated and embedded in Spurr's low viscosity resin (Electron Microscopy Sciences, Fort Washington, WA, USA). Ultra thin sections (60^90 nm) were cut on an LKB ultrotome Nova (LKB-Produkter AB, Bromma, Sweden), stained with uranyl acetate (Biorad, Watford, UK) and lead citrate (Biorad) and examined under a transmission electron microscope (Hitachi H-600,Tokyo, Japan) at 50 kVaccelerating voltage (Dawes 1988) .
Scanning electron microscopy
For scanning electron microscopic studies, freshly collected haemolymph was centrifuged at 160 g for 10 min at 4 1C to concentrate the haemocytes. The concentrated haemocyte suspension was poured onto a clean, sterile cover glass and incubated at 25 1C for 45 min. After incubation, the monolayer was rinsed with 2% ¢ltered seawater. The cover slip was cut into small pieces (3 mm Â 8 mm) and each piece with the monolayer of haemocytes was preserved in 3% glutaraldehyde in 0.1M sodium cacodylate bu¡er containing 12% glucose (pH 7.8) for 2 h at 4 1C. Subsequently, the samples were washed three times in cacodylate bu¡er, post-¢xed in 1% osmium tetroxide for 1h and again washed three times with cacodylate bu¡er. The cover slips were air-dried, sputter coated with gold in an ionic coater (Eiko Engineering Company, Mito City, Japan) and examined under a Hitachi-H-6010A scanning system at 50 kV accelerating voltage.
Results
Light microscopic studies
The light microscopic studies revealed two cell types. One type of cell contained a small, eccentric, oval to round nucleus and cytoplasm with granules. These granule-containing cells could be further divided into two types. One had abundant granules of eosinophilic and basophilic nature and these were classi¢ed as granulocytes (Fig. 1) . The other type of cells contained a lesser number of basophilic granules. These were grouped as semigranulocytes (Fig. 2) . The smaller cells with a large, round to oval nucleus and a small amount of cytoplasm around the nucleus, without granules, were termed as agranulocytes or hyalinocytes (Fig. 3) .
Cytochemical studies
Acid phosphatase activity was observed as scanty bluish-black dot-like granules in some of the granulocytes and semigranulocytes. However, all the granules within these cells did not show acid phosphatase activity. Acid phosphatase activity was absent in hyalinocytes (Fig. 4) . Prophenol oxidase was observed as a di¡used bluish-black pigment in the cytoplasm of many cells. It was also found in the granules in both granulocytes and semigranulocytes (Fig. 5) . Peroxidase activity was observed as discrete dark blue granules. These were seen abundantly in all the granulocytes and semigranulocytes (Fig. 6 ).
Electron microscopic studies
Transmission electron microscopy
Electron microscopic examination revealed that hyalinocytes contained a large nucleus with few heterochromatin clumps. Sometimes, three to four nucleoli were also visible in the nucleus. The cytoplasm contained rough endoplasmic reticulum and a few vesicular structures. In these type of cells, the granules (Fig.7) . The cells with distinct membrane bound granules containing electron-lucent materials were categorized as either granulocytes or semigranulocytes, depending on the amount of granules present. The semigranulocytes contained less number of granules with abundant endoplasmic reticulum (Fig. 8) . In granulocytes, the granules occupied a major portion of cytoplasm (Fig.  9) , and mitochondria were also visible.
Scanning electron microscopy
In the scanning electron micrographs, the unspread haemocytes were spherical (Fig. 10) . Initial pseudopodia were lobose, as they began to spread onto the glass cover slip (Fig. 11) . Fully spread haemocytes with branched ¢lopodia with a terminal swelling were also seen (Fig.12) .
Discussion
The haemocytes of molluscs are generally classi¢ed into hyalinocytes and granulocytes (Cheng & Foley 1975; Rodrick & Ulrich 1984; Rasmussen et al. 1985; Seiler & Morse 1988; Suresh & Mohandas 1990a) . Granulocytes are further classi¢ed into granulocytes and semigranulocytes (Foley & Cheng 1972; Moore & Lowe 1977; Rasmussen et al.1985) . The present observations are in agreement with the above ¢ndings. Hyalinocytes are generally smaller cells than granu- Figure 4 Transmission electron microscopic photograph of a hyalinolocyte ( Â 12000). locytes. Similar ¢ndings were observed in haemocyte populations of Crassostrea virginica (Foley & Cheng 1972 , 1974 and Mytilus edulis (Rasmussen et al. 1985) . The granulocytes have either eosinophilic (Bayne et al. 1979; Nakayama, Nomoto, Nishijima & Maruyama 1997) or a mixture of acidophilic and ba- (Foley & Cheng1972) . In the present study, the granulocytes contained both acidophilic and basophilic granules, whereas semigranulocytes contained only basophilic granules. This ¢nding is very important, as granulocytes are believed to develop from semigranulocytes (Foley & Cheng 1972; Moore & Eble 1977; Balquet & Poder 1985; Rasmussen et al.1985) .
The present study reveals activities of various enzymes such as acid phosphatase, prophenol oxidase and peroxidase in the haemocytes of C. madrasensis. These enzymes have also been demonstrated in other bivalves. Acid phosphatase has been identi¢ed in the haemocytes of M. edulis (Moore & Lowe 1977) , Mytilus californianus (Bayne et al.1979) , Biomphalaria glabrata (Granath & Yoshino1983), Mercenaria mercenaria (Moore & Gelder 1985) , Lymnaea luteola (Jyothirmayi & Rao1988), C. virginica (Cheng1989; Cheng & Downs 1998), Viviparous ater (Franchini & Ottaviani 1990) , Sunetta scripta and Villorita cyprinoides var cochinensis (Suresh & Mohandas 1990b) , Mya arenaria (Beckmann, Morse & Moore 1992) and Ruditapes decussatus (Lopez, Carballal, Azevedo & Villalba 1997) . Acid phosphatase and peroxidase play an important role in aggregation and release of the antibacterial agents as reported in Tridacna crocea by Nakayama et al. (1997) . It is also reported that acid phosphatase activity is not present in all the granules in the haemocytes of M. mercenaria (Yoshino & Cheng 1976) . In the present study too, acid phosphatase activity was observed only in a few granules within a haemocyte.
In a number of bivalves, the production of reactive oxygen intermediates is absent (Anderson 1994; Torreilles, Guerin & Roch 1996; Lopez et al. 1997) . However, the involvement of the myeloperoxidase system in the production of reactive oxygen intermediates and the subsequent killing of the foreign material has been reported in M. edulis (Schlenk, Garcia Martinez & Livingstone 1991) and C. virginica (Wojcik & Paynter 1996) . The demonstration of strong peroxidase activity in granulocytes and semigranulocytes of C. madrasensis indicates that the production of reactive oxygen intermediates may also be a major antibacterial mechanism in this species.
Phenol oxidase is the terminal enzyme in the prophenol oxidase system, a complement-like enzyme cascade responsible for the synthesis of melanin, which is deposited in the presence of microbial invaders (S˛derhÌll 1982) . Quinones are formed as byproducts in melanin synthesis and they also play an important role in the destruction of the pathogen. The enzyme is also associated with the generation and release of opsonins for self and non-self recognition (Smith & S˛derhÌll 1991) . Phenol oxidase is reported to be present in the serum and haemocytes of M. edulis, Argopecten irradians, Placopecten magellanicus, Perna viridis and C. virginica (Coles, Farley & Pipe 1994; Asokan, Arumugam & Mullainadhan 1997; Jordan, Deaton, Cardenas & Dankert 1997; Jordan & Deaton 2005) . However, it is not detected in M. arenaria, M. edulis, Biccinum undatum and Patella vulgata (Smith & S˛derhÌll 1991) . The present study reveals the presence of this enzyme in the granules of both semigranulocytes and granulocytes.
The electron microscopic studies also revealed three types of cells similar to those observed under light microscopy. The structure of the granulocytes is similar to that in M. edulis (Rasmussen et al. 1985) . However, the granules are electron lucent as in the case of C. virginica (Feng, Feng & Burke 1971) . Seiler and Morse (1988) have reported three types of haemocytes in M. arenaria. One type contains electronlucent granules, the second type contains electron opaque granules and the third type has only vesicles in the cytoplasm. In our study, only electron-lucent granules were observed.
The results of scanning electron microscopic observations of spreading haemocytes in C. madrasensis in the present study, and that in Oncomelania hupensis as reported by Morona and Mingye (1989) revealed that the cells spread in the same manner irrespective of the species. Unspread haemocytes were invariably spherical. Adhesion or spreading is made possible by extension or ¢lopodia, which, in our studies, usually had a swollen terminus.
Conclusion
The results of the present study have clearly shown that three types of haemocytes are present in the Indian edible oyster, C. madrasensis, namely, hyalinocytes, semigranulocytes and granulocytes. The hyalinocytes have no granules and are smaller than the other two cell types and have a large nucleus. The semigranulocytes have a few basophilic granules, while granulocytes have a cytoplasm ¢lled with a large number of acidophilic as well as basophilic granules. The enzymes such as acid phosphatase, peroxidase and prophenol oxidase, which play important roles in the degradation of foreign material, are present mainly in the granules of the haemocytes. The scanning electron microscopic studies have shown that the adhesion of haemocytes to any foreign surface is a¡ected by spreading with the help of ¢lopodia. The presence of lysosomal enzymes in the haemocytes and the capacity exhibited by the haemocytes to adhere onto foreign surfaces clearly point towards the role of these haemocytes in internalization and killing of infectious agents. It is believed that this study will provide a base for future studies on innate immunity and immunomodulation in C. madrasensis.
